Much of the nitrogen in crop fertiliser is degraded before acquisition. Technologies that stabilise urea-nitrogen minimise this. Degradation also specifically reduces the amount of ureic amine that many fertilisers initially contain, which is important because this nitrogen form has unique beneficial effects on plants. To investigate mechanisms whereby urea stabilisation increases potato tuber yield, we compare effects of foliar applications of chemically stabilised and non-stabilised urea against industry-standard fertiliser, on the physiology, form and yield of greenhouse-grown Casablanca under identical nitrogen supply. Stabilised urea is tested on Rooster and Shelford yields in Irish and British field trials. Stabilised amine nitrogen (SAN) increases Casablanca leaf relative chlorophyll content and initially reduces shoot growth rate. When harvested shortly after tuber initiation, SAN-treated plants have increased root to shoot weight ratios and we find tight negative correlations between shoot growth rate and root weight: large roots and slow shoot extension occur predominantly in SAN-treated plants. SAN increases ratios between initiation-stage tuber weight and (a) shoot length and (b) shoot growth rate. At a second harvest at mid-bulking, SAN increases highgrade Casablanca tuber yielding. At this later stage, yield correlates positively with shoot weight. In the field, SAN increases Rooster canopy greenness and marketable yields of both Rooster and Shelford. Yield improvements specific to this N form when stabilised are suggested to occur through increased photosynthesis and early-stage increases in root to shoot weight ratio. This phenotype then supports increased bulking-stage shoot growth and shoot-sourced resource for tuber growth. Stabilising urea amine induces high-yielding phenotypes with improved internal nitrogen utilisation efficiencies.
Introduction
By 2050, the global human population is expected to rise to 10 billion, and yields of the world's fourth largest food crop-potato (Solanum tuberosum L.)-need to be increased. However, it is important for the environment that nitrogen fertiliser production and use does not increase in parallel. Present-day methods of supplying plants with nitrogen (N), in the form of ammonium nitrate-or urea-based fertilisers, are inefficient: up to 70% of this N is degraded before plants can acquire it, forming harmful greenhouse gases and leaching polluting nitrate into water systems (Liu et al. 2013) ; and governments are legislating to control their use (Cantarella et al. 2018) . Technologies that stabilise ureic nitrogen in fertiliser, such that it is less easily degraded, can reduce pollution whilst prolonging nitrogen availability to plants. This means that lower fertiliser application rates are viable for attaining the required increases in the production of many crops (Prasad et al. 2016) . However, we propose that urea and ureic amine are nitrogen forms that have unique properties that improve plant form and function, such that their stabilisation also increases yield by mechanisms unrelated to prolonging the availability of nitrogen per se.
Urea is an organic amide with the chemical formula CO-(NH 2 ) 2 . It has two amine (NH 2 ) groups joined by a carbonyl functional group. It is present in natural ecosystems as well as being a constituent of man-made nitrogenous fertiliser. In natural systems, it enters the soil and canopy from urine excreted by animals (Barthelemy et al. 2018) ; and/or bulky organic matter is broken down by a range of organisms, such as fungi and bacteria, to smaller organic molecules. Plants have evolved sophisticated mechanisms to take up urea from the environment (Neff et al. 2003; Schimel and Bennett 2004) ; however, bacterial organisms that break it down by secreting the enzyme urease are ubiquitous in soil and on leaf surfaces (Hoult and McGarity 1986; Witte et al. 2002; Dawar et al. 2011 ) such that urea is only transiently available. Ureases induce urea to hydrolyse within minutes, whether it is naturally present or added as fertiliser, converting it to gaseous ammonia and carbon dioxide (NH 2 CONH 2 + H 2 O → 2NH 3 + CO 2 ), which are then lost via volatilisation to the atmosphere, the extent of which varies with wind speed, temperature, soil pH and water content (Soares et al. 2012; Cantarella et al. 2018) . Other soil bacteria induce nitrification of ammonium to leachable nitrate. Despite recognition that crop fertilisation with urea is wasteful and environmentally deleterious, it is currently the primary global fertiliser for crop production (Heffer and Prud'hommer 2014) because it is relatively cheap to manufacture and easily transported and contains 46% N.
Since the advent of large-scale crop fertilisation and the recognition that it is innately inefficient, much effort has been directed towards the development of more sophisticated fertilisers, co-products and application mechanisms. For example, there are several benefits to providing nitrogen to crops via the foliage, usually as solutions which can be applied as a fine spray. These include reductions in leaching and the ability to provide nitrogen when root activity is impaired, e.g. in saline or dry conditions (Gooding and Davies 1992; del Amor et al. 2009 ). A second example concerns urea itself: methods of stabilising it, and slowing its hydrolysis to NH 3 and CO 2 by urease, have been developed (e.g. Bhogal et al. 2003; Chalk et al. 2015; Cantarella et al. 2018) . Thus far, methods of stabilisation and their effects on yield have been met with mixed success. One such technology provides urease inhibitors as constituents of urea-based fertilisers to prolong the existence of the ureic nitrogen element (Trenkel 2010) . The most widely used of these is N-(n-butyl) thiophosphoric triamide (NBPT) (e.g. Watson and Miller 1996) . In some cases, nitrogen use efficiency (NUE, the amount of nitrogen taken up by the crop, as a percentage of that applied) has been promoted (Zvomuya et al. 2003; Arkoun et al. 2012) ; however, the urease inhibitors themselves pass into roots and/or leaves, preventing natural ureic assimilation within plant tissues, allowing internalised urea to build to toxic levels (Krogmeier et al. 1989 ). Furthermore, alterations of urea assimilation within root or leaf tissue mean that most of the urea provided fails to release the bound nitrogen that it contains; and the transcriptional profiles of genes involved in primary and secondary metabolism are altered, to the detriment of the plant (Zanin et al. 2016) . Alternative methods of stabilisation involve the manufacture of urea granules with semi-permeable coatings, such as sulphur and polyurethane. These reduce some of the degradation to other N forms and pollutants by forming a physical barrier to slow urea solubilisation. Yields can be either maintained at lower N input, or, importantly, increased (Wang et al. 2015; Tiana et al. 2018) , including in potato (Hutchinson et al. 2002; Hyatt et al. 2009 ); and ammonia and CO 2 volatilisation and nitrate leaching can be reduced, thereby increasing NUE (Zvomuya et al. 2003; Soares et al. 2012) .
Despite the fact that urea has long been used as a fertiliser, it is only relatively recently that scientific studies of its uptake, utilisation and effects in plants have begun to proliferate (e.g. Witte 2011 ). An earlier view was that organic nitrogen needed to be degraded to inorganic forms by microorganisms, before plants could acquire the N it contains (see Paungfoo-Lonhienne et al. 2008; Zanin et al. 2016) . As such, more knowledge is available regarding the uptake and effects of inorganic ammonium and nitrate in plants. However, it is now recognised that urea is easily taken up from soil by roots, through specific cell membrane transport proteins and/or aquaporins. It is rapidly assimilated via hydrolysis in the root cytosol by non-bacterial plant-specific urease, releasing ammonium and carbon dioxide internally, or transported to leaves when roots are no longer the dominant sink. Urea-sourced ammonium produced internally is rapidly assimilated by a second cytosolic pathway (Witte 2011; Zanin et al. 2016) , to provide proteinaceous substrate for plant growth, photosynthesis and functioning.
In unstressed plants, different N forms are assimilated to protein via different mechanisms, which have different costs in terms of resource use and which are located in different organs and cell types; and this has repercussions for plant functioning and anatomical form (Zerihun et al. 1998; Andrews et al. 2013) . A large fraction of nitrate N taken up by roots from soil is, in many cases, delivered to leaves, where the components for its assimilation are predominantly located. Nitrate-fertilised plants thus preferentially use the assimilate for above-ground growth. However, the components for the assimilation of N provided as ammonium are found within roots when these are actively growing; thus, root growth is initially favoured over shoot growth. This biomass partitioning gives rise to plants with differing anatomical appearances, or phenotypes, which are particular to each N form. Organic N forms such as urea are also assimilated in roots as described above, and organically fertilised plants are also characterised by increased biomass partitioning to roots, forming phenotypes with increased root to shoot weight ratios under experimental conditions (Franklin et al. 2017) . The enhanced root to shoot weight ratio of urea-fertilised plants, in comparison to nitrate-fertilised plants, allows amplification of their capacity to scavenge soil for the water and nutrients required for enhanced above-ground growth at more advanced growth stages (Zerihun et al. 1998; Cambui et al. 2011; Franklin et al. 2017) . However, in the field, such effects can be negated by the transient availability of urea. On this basis, our objective is to demonstrate that supplying stabilised ureic amine to potato will eventually lead to increases in tuber yield in glasshouse experiments and in the field, by producing phenotypes which permit this: more root and tuber mass per unit of shoot mass. We have shown that potato yields are lifted by such technology in UK field trials (Marks et al. 2018) .
The amount of resource consumed during assimilation also varies with nitrogen form. Assimilation of inorganic nitrate in leaves requires the operation of the nitrate reductase pathway, which consumes more of the plant's energy and carbon (C) from photosynthesis, than any other N assimilation mechanism (Sunil et al. 2013; Franklin et al. 2017 ). More protein, energy and C will thus be available for photosynthesis and biomass growth under urea or ammonium nutrition. However, ammonium can be toxic to plants as it affects the pH balance. Resource-consuming processes are used by plants to mitigate this effect, such that ureic amine assimilation may be the most resource efficient, and provide the most protein.
Thus, stabilising urea amine has the potential to promote NUE, internal nitrogen utilisation efficiency, crop productivity per unit of applied nitrogen (partial factor productivity) and yielding per se, in multiple ways: (a) it can increase nitrogen longevity in the environment whilst reducing pollution; (b) cytosolic ureic nitrogen and its hydrolytic product, ammonium, induce the development of phenotypes which initially favour root growth over vegetative growth; and (c) less energy and carbon are used to assimilate urea amine nitrogen than nitrate and ammonium nitrogen, thus more is available for photosynthesis and biomass growth. We have shown that ureic amine stabilisation increases shoot biomass, leaf relative chlorophyll content and flower numbers in a range of horticultural species (Wilkinson et al. 2019) .
That urea is preferentially assimilated in roots when applied to soil has been shown to be linked to increases in root to shoot weight ratio; however, foliarly applied urea is also at least partially assimilated in leaves (Witte et al. 2002) . It is not known whether ureic amine will have the same desired effect on root to shoot (or tuber to shoot) ratio when applied foliarly, and here we investigate this possibility. The leaf cuticle is up to 10 times more permeable to urea than to inorganic nitrogen ions, and this may be an adaptation to the transient nature of urine urea availability in natural systems (Wojcik 2004) . Urea entering plants from foliar applications is cycled through a range of tissues, and is allocated within 48 h to the strongest sinks (Klein and Weinbaum (1985) , olive; Witte et al. (2002) , potato).
Additionally, effects that ureic amine stabilisation may have on root to shoot ratio could be less easy to define in a tuber crop. Many of these, including potato, have relatively small, weak basal root systems. However, urea stabilisation should also benefit other developmental processes such as tuberisation and bulking more directly. Potato tubers are not formed from a root (Hannapel et al. 2017) ; they arise from specialised underground stems called stolons, the tips of which swell to form the tuber. The developing tubers are important sinks for nitrogen, and we propose that foliar ureic amine-sourced N can have positive effects at this stage by increasing shoot biomass and photosynthesis. When cells begin to divide and expand, tubers start to enlarge and form starch, or 'bulk'. Bulking tubers are sinks that import phloem-mobile substances from leaves, such as sucrose for starch formation (Hannapel et al. 2017) . We propose that bulking-stage applications of foliar urea N could increase biomass allocation to developing tubers via increased sucrose production and transport.
We describe here effects of a chemical method of stabilising urea-sourced amine N in foliar applications, developed by Levity Crop Science Ltd. (Preston, UK), on changes in physiology, form and yield of potato. We compare effects of this stabilised amine nitrogen (SAN) with those of non-stabilised urea and a commercially available industry-standard N-P-K, where all formulations contain identical amounts of N by weight. The variety Casablanca is used in greenhouse experiments. SAN is also tested on the physiology and tuber yields of Rooster and Shelford in the field in Ireland and England. Casablanca is generally a first early crop, and main crop Rooster tubers are large and are used for chipping, mashing and roasting. Shelford is an early main crop, and tubers are often used for crisping. We investigate whether the proposed yield increase induced by stabilisation is merely a result of reducing degradation and prolonging nitrogen availability, or whether alterations in biomass partitioning and chlorophyll concentration specifically induced by ureic amine N also make a contribution.
Materials and Methods
Solanum tuberosum L. cv. Casablanca (85G040-080 × Picasso; Suttons Seeds, Woodview Road, Paignton, Devon, UK, TQ4 7NG), cv. Rooster (OP 2532 64 × Pentland Ivory) and cv. Shelford (FL1625 × Hermes) were used in this study. Casablanca was used in the greenhouse trials. Rooster and Shelford crops were tested in field trials on commercial farms.
Glasshouse Experiments
Chitted Casablanca tubers of approximately 7-8 cm in length were planted in May 2017, in 13.5-L −1 buckets perforated at the base, containing J. Arthur Bowers John Innes No. 2 compost (Westland Horticulture Ltd., Co., Tyrone, UK), at a rate of one per container, placed 4-6 cm below the soil surface. The pH of this compost is 5.5-6.0, and it provides appropriate macro-and micronutrients to plants in all treatments for the first 3 to 4 weeks, including boron and calcium. Plants were allowed to grow to an average stem height of 10-12 cm prior to experimental treatments (June), in a heated and ventilated glasshouse under natural light (PPFD 200-1000 μmol m 2 s −1 ), in Preston, northern England, UK. Nighttime temperature was 12-16°C and daytime temperature was 16-32°C. Plants were watered by hand to soil capacity as required, taking care not to over-water. Each of the three treatments (see below) comprised of 12 replicate potato plants (seven for the first harvest, five for the final harvest) which were randomised within an area of 8.0 × 1.5 m 2 . Two harvests were carried out: one in August and one in September 2017.
Plants were treated with foliar sprays containing nitrogen (N) fertiliser in three formulations: an industry-standard N-P-K control (IS), stabilised amine nitrogen (SAN) in a formulation called 'Lono' (supplied by Levity Crop Science Ltd., Preston, UK) and standard unstabilised urea (SU). SAN was supplied at 0.1 mmol m −3 , equivalent to a rate of 5.0 L ha −1 in 200 L water. IS was supplied at 1.4 mmol m −3 . SU was supplied at 0.03 mmol m −3 . SAN contains 15% N (by weight), and the IS and SU treatments were designed to provide the same amount of N to the plants (given that IS contains 24% N and SU contains 46% N by weight). Commercial IS contains a mixture of ureic and ammonium nitrate N. All three treatments were supplemented with industry-standard N-P-K (IS) at one-quarter recommended strength every 10-12 days, approximately mid-way between main treatment dates, ensuring access to sufficient micronutrients and P-K. Plants were treated with N fertiliser over the course of the following weeks at the times detailed in Table 1 , at a rate of 20 cm 3 per square metre of planting area.
Over the course of the experiments (24 days or 46 days), plants were treated with the appropriate N compound every 10-14 days (as specified in Table 1 ) and leaf relative chlorophyll content and shoot length, number and extension rates were measured on several occasions (Table 1) . One group of plants (seven replicates) was harvested shortly after tuber initiation, and divided into tissue types (shoots, seed potato, roots and new tubers (1-2-cm stage)) and weighed immediately. A second group of plants (five replicates) was harvested 3 weeks later at mid-bulking. Shoots and new tubers (4-6 cm) were weighed and counted, and a version of 'marketable' tuber weight was designated as 5-25 g FW −1 .
Relative chlorophyll content was measured in leaves as an index, with a FieldScout CM 1000 Chlorophyll Meter (Spectrum Technologies Inc., IL, USA). 'Point-andshoot' technology instantly measures the reflectance of ambient and reflected 700-nm and 840-nm light in a conical viewing area on the adaxial leaf surface 30-180 cm from the light receptor. Laser guides outline the edges of the sampling area, allowing replication of the position of this between plants (we chose a 0.5-cm-diameter area mid-way between the midrib and the leaf edge of the most recently matured leaves). The light receptor comprises four photodiodes: two for ambient light and two for reflected light from the leaf. Measurement units are calculated as an index of relative chlorophyll content: 0-999 ± 5%. The length of each shoot per plant was hand-measured with a ruler from the soil surface, and was also combined to give an overall length comprising all shoots per plant.
Means and standard errors of each measurement type per treatment are displayed as bar charts, and correlations between data sets are depicted on scatter graphs. The significance of the differences between treatments in bar chart form was calculated using a one-tailed t test for two independent means, and where treatments are significantly different from each other (p < 0.1), this is denoted by 'a', 'b' or 'c', above the appropriate column on the graphic representations of the data. Best-fit trend lines on scatter graphs were calculated (linear or exponential) on Microsoft Excel, and r 2 values are provided. The significance of the r value-the strength of the relationship-was calculated using the Pearson product-moment correlation and is represented as one asterisk (p < 0.1), two asterisks (p < 0.05) or three asterisks (p < 0.01).
Summer-Autumn 2016 Field Trials
Hampshire, England, UK: Shelford
Conditions on farm and dates of crop treatments, from sowing to harvest, are described in Table 2 . Five replicate plots for each of the three experimental treatments were laid out in a randomised block design: (1) soil-applied commercial urea controls, (2) foliarstabilised amine nitrogen (SAN) applied three times, (3) foliar SAN applied four times. Foliar SAN applications were carried out at a rate of 5.0 L ha −1 in 200 L water (0.1 mmol m −3 ): the first application occurring at tuber initiation and the last at late bulking. Where treatments were applied only three times, either the tuber initiation treatment was withheld or the late bulking treatment was withheld.
Yield data is presented as follows: tuber count per plot, tuber yield per plot (kg), tuber count per hectare, yield per hectare (metric tonnes: t ha −1 ). Tubers were graded Means and standard errors of yield data for the three treatments (control, SAN 3 applications, SAN 4 applications) are displayed as bar charts. The significance of the differences between treatments in bar chart form was calculated using a one-tailed t test for two independent means, and where treatments are significantly different from each other (p < 0.1), this is denoted by 'a', 'b' or 'c', above the appropriate column on the graphic representations of the data.
County Meath, Ireland: Rooster
Conditions on farm and dates of crop treatments, from sowing to harvest, are described in Table 3 . Three different nitrogen treatments were applied to four replicated plots each, set out in a randomised block design: (1) soil-applied commercial N fertiliser controls (55 kg ha −1 ), (2) SAN applied foliarly three times, (3) SAN applied foliarly four times. Foliar SAN was applied at a rate of 5.0 L ha −1 in 200 L water (0.1 mmol m −3 ), with the first application occurring at tuber initiation and the last at late bulking. Where treatments were applied only three times, the tuber initiation treatment was withheld.
Green leaf area (percentage of all leaves) was assessed visually on 13 September, in 3 plants per plot. Yield data is presented (t ha −1 ) for small tubers (< 45 mm), marketable tubers (45-65 mm), oversized tubers (> 65 mm) and gross weight (minus large tubers).
Means, standard errors and significance levels of green leaf area and yield data were calculated as described for the Shelford trial above, and presented as bar charts. 
Results
Leaf Relative Chlorophyll Content and Green Canopy Index Figure 1 demonstrates that, in greenhouse-grown Casablanca, N fertiliser supplied as SAN increased relative chlorophyll content of leaves in comparison to industrystandard treatment (IS controls), and in comparison to standard (unstabilised) urea treatments (SU): 4 days after the first treatment ( Fig. 1a ) and 4 days after the third treatment (Fig. 1b) . The SAN-induced increase (11%) was significantly higher than IS and SU treatments in Fig. 1b , and significantly higher than IS (8%) in Fig. 1a . SU had no effect on chlorophyll content compared with IS. Figure 2 demonstrates that, 6 weeks prior to harvest, the percentage of the canopy of field-grown Rooster plants that was green (high in chlorophyll) was significantly increased by SAN compared with control fertiliser treatment, by 9%, both when SAN was applied 3 times and when it was applied 4 times.
Shoot Physiology
Nitrogen form affects the growth rate of Casablanca shoots over a 4-day period just prior to tuber initiation ( Fig. 3a) : SAN treatments significantly reduced shoot extension rate by 40% in comparison with IS and SU, although all treatments contained the same amount of N by weight. Figure 3b shows that SU-treated plants had longer shoots than IS-and SAN-treated plants at tuber initiation. Leaf number per shoot was unaffected by treatment.
Root and Shoot Tissue Weights at Tuberisation-Stage Harvest: Links with Shoot Physiology
When Casablanca was harvested shortly after tuberisation, and tissues freshly weighed, SAN plants had the highest root weight, although this was not significant at this early , and significant differences between treatments are denoted by differing letters above each column (p < 0.1) stage, whilst there were no treatment effects on shoot weight (data not shown). However, SU plants had the lowest root to shoot weight ratio, i.e. the least amount of root per unit of shoot (Fig. 4a ). Control IS plants had higher root to shoot ratios than SU, and SAN plants had the highest root to shoot ratios of all. Figure 4b shows that SAN plants also had the highest root to seed potato weight ratio, this being significantly higher than for SU-treated plants: more root weight per unit of seed potato weight. However, there was no difference in shoot to seed potato weight ratios between treatments (Fig. 4c ). When shoot number (Fig. 5a ), which is established at chitting, was plotted against root weight, there was a significant negative relationship, with plants with the most shoots having the lowest root weight at this growth stage. However, this was only apparent in urea-treated plants, whilst shoot numbers in IS and SAN plants were not correlated with root weights at all. Similarly, root weight to shoot length ratios were lowest in SU-treated plants (Fig. 5b) , i.e. plants with the longest shoots had the lowest root weights. Shorter shoots , and significant differences between treatments are denoted by differing letters above each column (p < 0.1) were associated with the highest root weight, although there was no significant difference between control (IS) and SAN-treated plants in this regard (Fig. 5b) . When total shoot length per plant was plotted against root to shoot weight ratio, there was a strong negative correlation (Fig. 5c) , with SAN at the top left with short stems correlating with a high root to shoot ratio, and SU on the bottom right with long stems correlating with the lowest root to shoot ratio. Seed potato weight was also related to shoot length between treatments, with the highest shoot length to seed potato weight ratios being found in the SU treatments (not shown). Shoot growth rate was tightly and negatively correlated with root weight: when shoots grew faster, roots weighed less (Fig. 5d) ; and the slowest-growing shoots with the highest root weight were predominantly found in the SAN-treated plants. Whilst N form exerts an influence over relationships between shoot physiology and root weight in terms of shoot number, shoot length and shoot growth rate, a positive correlation between seed potato weight and the weight of all newly developed tissue cannot be overcome by any N form tested here (Fig. 5e ). When root weight was plotted against shoot weight (Fig. 5f ), there was a significant positive relationship within SAN-treated plants, as well as within the unstabilised urea treatment, such that both correlations increased in parallel. However, the relationship within the SAN-treated plants was shifted towards higher root weights, such , and significant differences between treatments are denoted by differing letters above each column (p < 0.1) that root weight at a certain shoot weight was always higher than in SU-treated plants.
Tuber Harvest Characteristics
Tuber Initiation-Stage Harvest: Links with Plant Physiology
Whilst there was no effect of treatment on potato tuber weight per se at this early stage (not shown), links between harvest weight and number, and plant physiology were clear (Fig. 6 ). Tuber yield expressed as weight per plant on a shoot growth rate basis was greatest in SAN-treated plants (Fig. 6a, b) , such that slowest growth was associated with highest yield. Potato yield as weight was positively correlated with root weight, and this was significant within the IS treatment (Fig. 6c) ; however, SU plants had a significantly greater tuber weight per unit root weight than control IS plants (Fig. 6d )roots had to sustain a relatively higher tuber weight. There was also a significant positive correlation between shoot weight and tuber weight (Fig. 6e ) within IS and SAN treatments (but not in SU), and SAN plants had more tuber weight per unit shoot weight, although this was not significant (Fig. 6f ). There was no correlation between shoot number and tuber yield at this early stage.
Mid-Bulking-Stage Harvest: Links with Plant Physiology
Casablanca tuber harvest weights, designated 'marketable' (given that all tubers are sub-optimum weights due to the early harvest), were increased by SU and SAN compared with IS controls, but this yield increase was only significant with respect to SAN (Fig. 7a ). On the other hand, Fig. 7b shows that the number of underweight tubers per plant was reduced by SU and SAN, but that this reduction was only significant between IS and SAN. When 'marketable' tuber weight was expressed as a percentage of tuber gross harvest weight, the percentage of marketable tubers was greatest in SAN-treated plants, this being significant in comparison with SU, but not IS (Fig. 7c ). When this was expressed as a percentage of total new plant biomass (root, shoot and tuber), the percentage of marketable tuber weight was also greatest for SAN-treated plants, being significantly higher than control IS-treated plants (data not shown). Figures 7 d-h demonstrate links between tuber harvest and plant physiology (although roots were not weighed at this stage). The number of tubers expressed on a shoot number basis was significantly higher than control IS plants only in SAN-treated plants (Fig. 7d )-more tubers per shoot. Whilst SAN-treated plants exhibited a significant positive relationship between shoot fresh weight and marketable tuber number (Fig. 7e ) and yield weight (Fig. 7f) , within non-stabilised N treatments, this relationship (r) is insignificant. A tight correlation also exists between leaf chlorophyll content and tuber yield (Fig. 7g ). Higher chlorophyll content was associated with higher yield. At the lower end of the scale is the control IS treatment, with SU being intermediate and SAN having both a higher chlorophyll content and a higher yield. Interestingly, the difference between chlorophyll content at the start and the end of the experiment was also positively correlated with tuber yield (Fig. 7h ). Figure 8 shows that foliar fertilisation with SAN in an English commercial farm setting gave rise to significantly higher marketable yields than control untreated plants in Shelford, both on a tuber number basis (Fig. 8a) and on a fresh weight basis (Fig. 8b) . The yield increase was larger when the crop had received four applications (16%) than when it had received three only (9%). On an Irish commercial farm, yields of Rooster Fig. 5 a-f Effect of fertiliser N form on correlations and ratios between shoot characteristics and tissue weights in greenhouse-grown Solanum tuberosum L. cv. Casablanca at first harvest shortly after tuber initiation, 10 days after a second foliar fertiliser application of IS (industry standard), SU (standard urea) or SAN (stabilised amine nitrogen) at 1.4, 0.03 and 0.1 mmol m −3 respectively. SAN, green diamonds; IS, red squares; SU, black triangles; combined non-stabilised treatments, blue circles. Significant levels of Pearson product-moment r 2 correlations are represented as one asterisk (p < 0.1), or two asterisks (p < 0.05), and ratios between shoot characteristics and tissue fresh weights (FW) are shown as means ± standard errors (n = 7), with significant differences between treatments denoted by differing letters above each column (p < 0.1). Correlations are shown between the following: (a) shoot number and root FW, (b) root FW and shoot length, (c) shoot length and root-shoot FW ratio, (d) shoot growth rate and root FW, (e) seed potato FW and total new fresh tissue weight (all treatments combined, black circles), (f) shoot FW and root FW were also greater when crops had been treated with SAN, although this was not quite significant (Fig. 8c ). Giving four treatments did not increase yield above that of plants given only three treatments.
Field Trial Tuber Yields

Discussion
We have previously shown that chemically stabilised urea increased potato yield in UK field trials (Marks et al. 2018, cv . Sassy) when applied foliarly. Here, we have characterised a range of physiological effects that could contribute to the similar increase in yields of Rooster and Shelford presented in Fig. 8: (a) increased relative Fig. 6 a-f Effect of fertiliser N form on correlations and ratios between shoot characteristics and tuber fresh weights (FW) of greenhouse-grown Solanum tuberosum L. cv Casablanca at first harvest shortly after tuber initiation, 10 days after a second foliar fertiliser application of IS (industry standard), SU (standard urea) or SAN (stabilised amine nitrogen) at 1.4, 0.03 and 0.1 mmol m −3 , respectively. SAN, green diamonds; IS, red squares; SU, black triangles; combined non-stabilised treatments, blue circles. Significant levels of Pearson product-moment r 2 correlations are represented as one asterisk (p < 0.1) or two asterisks (p < 0.05), and ratios between shoot characteristics and fresh weights are shown as means ± standard errors (n = 7), with significant differences between treatments denoted by differing letters above each column (p < 0.1). Correlations and/or ratios are shown between the following: (a, b) tuber FW and shoot growth rate, (c-d) tuber FW and root FW, (e-f) tuber FW and shoot FW Fig. 7 a-h Effect of fertiliser N form on correlations and ratios between shoot characteristics and tuber fresh weights of greenhouse-grown Solanum tuberosum L. cv. Casablanca at second harvest at mid-bulking, 2 weeks after a third foliar application of IS (industry standard), SU (standard urea) or SAN (stabilised amine nitrogen) at 1.4, 0.03 and 0.1 mmol m −3 respectively. SAN, green diamonds; IS, red squares; SU, black triangles; combined non-stabilised treatments, blue circles. Significant levels of Pearson product-moment r 2 correlations are represented as one asterisk (p < 0.1), or two asterisks (p < 0.05), and ratios between shoot characteristics and tissue fresh weights (FW) are shown as means ± standard errors (n = 7), with significant differences between treatments denoted by differing letters above each column (p < 0.1): (a-c) tuber harvest FW, number and 'grade A' FW as a % total harvest ('grade A' tubers designated as 5.0-25 g); (d) tuber FW and shoot number, (e-f) links with shoot FW, (g-h) links with leaf chlorophyll content (h: correlation and r 2 values comprise all 3 N treatments) chlorophyll content; (b) reduced shoot growth rate and shorter shoot length at tuber initiation; (c) increased relative biomass partitioning to roots prior to tuber initiation; and (d) increased shoot biomass during bulking.
The results demonstrate that the initial form of the nitrogen, rather than the amount, is the basis for the positive effects of SAN on physiology and yield, as SAN-treated plants were supplied with the same amount of total N by weight as IS-treated and SUtreated plants in glasshouse trials. Foliar application and soil application appear to have very similar effects on plant physiology (see Franklin et al. 2017; Wilkinson et al. 2019) .
However, linking plant physiology to yield is confounded by effects of seed potato weight and the number of shoots that each seed potato produces. SAN treatment can override some of the seed potato-linked characteristics: it removes an effect of increasing shoot number to reduce root weight (Fig. 5a ), and it increases root weight on a seed potato weight basis (Fig. 4b) ; however, seed potato effects on shoot weight alone (Fig. 4c ) and on total new tissue weight (Figs. 4b, 5e ) cannot be uncoupled by any N treatment tested here.
How Does Stabilised Amine Nitrogen Increase Yield?
The following hypotheses are discussed: (a) more total nitrogen is plant available because chemical stabilisation of urea prevents its degradation by urease, thus reducing had either been carried out 3 or 4 times prior to measurement, or not at all (controls). Yields from 5 plots per treatment (a, b) or 4 plots per treatment (c) are shown as means ± standard errors: (a, b) n = 5 (marketable tubers); (c) n = 4 (gross yield by weight of tubers < 65 mm long, shown as % total); and significant differences between treatments are denoted by differing letters above each column (p < 0.1) volatilisation-sourced N loss; (b) once inside the plant, ureic N initially favours biomass partitioning to roots over shoots, and subsequently the large root biomass increases shoot biomass, which in turn provides more resource to tubers; (c) ureic N assimilation within plants is resource efficient, thereby increasing chlorophyll content and photosynthesis, for greater overall provision of energy, carbon and biomass.
Increased Nitrogen Availability
All potato plants in the glasshouse had access to the same amount of total N each time they were fertilised; however, those given industry-standard soluble N-P-K or nonstabilised urea may have had access to less total N between treatment dates (see Cantarella et al. 2018) . The volatilisation and loss of ammonia (NH 3 ) to the atmosphere are a major cause of the often low recoveries of fertiliser N (about 30-70%) detected after foliar urea application (see Witte et al. 2002) . However, Witte et al. (2002) demonstrated this value to be 15% in a field-grown Desirée potato crop, by analysing the fate of foliar-applied urea N using a 15 N radioactive tracer mass balance technique. We assume that a similar degree of N loss would have occurred from the canopy of conventionally treated Rooster and Shelford in the field, although it is more difficult to assess N loss from greenhouse-grown Casablanca. Airflow within greenhouses, even where ventilated, is less than that in the field, such that the contribution of reductions in volatilisation to the improved yields under SAN may have been small.
Biomass Partitioning Between Roots and Shoots
Chronological events during plant development that are altered by SAN are as follows: increased chlorophyll ( Figs. 1 and 7) , reduced shoot growth rate and length (Figs. 3, 5 and 6), increased relative root weight (Figs. 4, 5, 6) , increased tuber yield at midbulking ( Fig. 7) and at final harvest (Fig. 8 ). We propose that the first three events eventually give rise to increases in shoot-sourced resource for improved tuber growth, because increased root to shoot weight ratio at early growth stages increases aboveground tissue weight at later growth stages (Franklin et al. 2017 ). Franklin et al. (2017) synthesised results from the literature for multiple species regarding the effect of N form on plant phenotype. Root to shoot ratio was up to three times higher as a result of resource partitioning to the root system, and nitrogen productivity up to 20% higher when plants were supplied with organic N, compared with inorganic N. It is pertinent that the inorganic N form, nitrate, at sufficiency, is actively involved in the inhibition of early lateral root development (Walch-Liu et al. 2006) .
Shoots and roots compete for internal assimilate, and vigorous vegetative parts can reduce root system size, and in the case of potato, tuber size, and vice versa. However, whilst SAN-induced resource partitioning to roots may be a consequence of these organs being the major site of ureic amine assimilation (see Wilkinson et al. 2019) , other mechanisms will also have a role in the formation of this phenotype. Similarly, the observed SAN-induced reduction in shoot growth may be a consequence of the lack of nitrogen assimilate partitioned above ground; however, evidence shows that there will also be more direct effects on growing shoot cells. Shorter genotypes of a range of species have in common low concentrations of the shoot growth-enhancing hormone gibberellic acid (GA; see Gou et al. 2011) . Farmers using GA inhibitors such as paclobutrazol have demonstrated increased yields of root and tuber crops because assimilate partitioning to shoots is reduced. Balamani and Poovaiah (1985) demonstrated, in potato, that paclobutrazol reduced stem elongation and shoot dry weight and increased tuber dry weight. Nagel and Lambers (2002) demonstrated that GA-deficient tomato mutants were shorter, exhibited increased nitrogen assimilation and partitioned more carbon to the roots. Gou et al. (2011) investigated effects of a gene subfamily involved in GA inactivation in poplar. Shoot-and leaf-expressed genes reduced GA concentration and specifically restrained aerial shoot growth, and root-expressed genes also reduced GA concentration whilst promoting root development, by increasing numbers of lateral root primordia, and thereby numbers of lateral roots. Whilst GArelated genes apparently control root to shoot biomass partitioning, and reductions in GA concentration are involved in increasing root to shoot ratio and potato yield (Carrera et al. 2000) , reflecting the effect of SAN, to the best of our knowledge, effects of N form on gibberellic acid regulation are unknown. Thus, reduced shoot growth and increased root weight may not solely be linked in terms of direct competition for resource. We demonstrated that SAN mimicked the characteristics of reduced apical dominance when soil-applied to flowering plants (Wilkinson et al. 2019) : increased root growth and increased shoot branching eventually led to increases in flowering. Nitrate, organic amine and ammonium have differing effects on the rate of production, transport and relative abundance of the growth hormones cytokinin and auxin within plant organs (Andrews et al. 2013; Esteban et al. 2016) . Organic N tends to reduce auxin in shoots and increase its concentration in roots, whilst nitrate increases its concentration in shoots. These hormones interact to control both root and shoot physiologies, and have particular relevance to apical dominance and to lateral root and shoot production. Interestingly, the gibberellic acid hormone signalling pathway has also been shown to interact with cytokinin and auxin (Sugiura et al. 2015; Huang et al. 2017) , and Sugiura et al. (2015) describe an involvement of GA-cytokinin crosstalk in biomass partitioning responses to nitrogen availability. It will be beneficial to investigate effects of SAN on auxin, cytokinin and gibberellin biology.
The Relevance of Root to Shoot Ratio
This data provides evidence that early, tuberisation-stage increases in root to shoot weight ratio may be one mechanism by which SAN eventually improves yield in potato, despite the absence of a correlation between root to shoot weight ratio and tuber yield when Casablanca was examined shortly after tuberisation (not shown). Presumably, the putative effect of increased root to shoot weight ratio to increase yield needs more time to establish. Nevertheless, we argue that a high root to shoot ratio during early plant development may be beneficial to final yield, as the larger root system provides more resource for shoots at later developmental stages; but once this effect enables shoots to thrive, as a consequence, shoot weight overtakes root weight as the driver of increased tuber yield. Figure 7 shows that Casablanca tuber weight at midbulking is positively correlated with increasing shoot weight, and that this is only significant in the case of SAN. Closer to final harvest, the dominant need is for shoots to provide tubers with resource. Nevertheless, a high root to shoot weight ratio may be an important early trait for yielding in genetic screening programs (e.g. Villordon et al. 2014) . Villordon et al. (2014) found that increased lateral root production was related to higher yields in root and tuber crops. Yu et al. (2015) show that differences in root dry weight and the root to shoot ratio of maize at silking, in a range of geographical locations, were not derived from variations in climate, geography or stress factors, but that NUE was positively correlated with root to shoot ratio and root dry weight.
Aside from the beneficial effect of a large root system for resource provision to shoots at later growth stages, large root to shoot ratios can also have positive effects on plant health and development at early growth stages. This phenotype will be strategically important if field conditions become stressful, under nutrient or water deficiency for example, or during high winds that induce lodging: plants will already be 'armed' with the larger root systems, or the shorter shoots, whilst plants fertilised by other N forms require time and energy to achieve this structure only once the stress has been perceived. We have demonstrated that this phenotype is stress resilient in seedlings of a range of flowering plants (Wilkinson et al. 2019) .
Increased Photosynthesis
Figures 1 and 7, and Wilkinson et al. (2019) , show that relative chlorophyll content is increased by SAN, both in the field (Rooster canopy greenness) and in the glasshouse. Urea-induced increases in leaf light absorptance and photosynthesis will provide more carbon skeletons for the plant as a whole, and we have shown that this biomass is more likely to be partitioned to roots initially, and then to shoots and tubers. We propose that increases in chlorophyll content arise from resource conservation and increased internal N utilisation efficiency under ureic N assimilation. Shao et al. (2013) demonstrated that net photosynthetic rate, chlorophyll concentration and leaf-area index were increased significantly under controlled-release urea (CRU), compared with conventional urea-treated maize plants at grain filling, and produced a higher yield, although this may simply relate to the higher availability of nitrogen per se with reduced degradation. However, Esteban et al. (2016) demonstrated experimentally that the biophysical parameters of the photosynthetic apparatus of urea-grown Medicago trunculata plants displayed a dosedependent improvement in energy conservation, which was higher than that observed in nitrate-and ammonium-treated plants. Thus, ureic nutrition could increase photosynthesis more directly, in addition to increasing light absorptance as a consequence of resource-conserving N assimilation, when compared with inorganic nitrogen nutrition. Stabilised ureic amine could increase the efficiency with which intercepted radiation is used to produce dry matter.
Conclusions
Urea amine nitrogen, when stabilised, allows plants to achieve an archetype (optimal phenotype) in terms of physiology and form, for making best use of resource and transposing this into a maximal reproductive or starch storage capacity. The archetype, at least until tuber initiation, has an increased root to shoot weight ratio (Figs. 4, 5, 6) ; a higher relative chlorophyll content (Figs. 1, 7; Wilkinson et al. 2019) ; and less apical dominance through slower shoot extension rates and a relatively larger root system (Figs. 3, 4, 5 ; also characterised by lateral shoot growth, Wilkinson et al. 2019 ). This structural form provides resilience to stresses such as drought, nutrient deficiency, lodging and salinity (see Wilkinson et al. 2019; Yu et al. 2015) . At later growth stages, because this archetype maximises provision of resource to shoots, root to shoot weight ratios become less relevant to tuber yield. Rather, the shoots and their high photosynthetic capacity become dominant for providing both nitrogen at early bulking and sucrose at mid-late bulking. Figure 7 shows that mid-bulking shoot weight and tuber weight are positively correlated only in SAN-treated plants. We propose that this archetype can also be achieved in the field by using stabilised amine nitrogen, resulting in increased yielding (Fig. 8) . A simple alteration in nutritional form (and its maintenance through chemical stabilisation) can provide system-wide changes in plant physiology and phenotype which increase plant stress resilience, NUE, internal nitrogen utilisation efficiency, photosynthetic performance, partial factor productivity and yield.
